Abstract -The structures of insect pheromones vary with different orders, families, genera, and species. In general, species in the same family and order have pheromones of similar structure. In the moths (Lepidoptera) the pheromone structures are fatty acid derived molecules and the biosynthetic pathways have been elucidated for many of the moth pheromones. However, the existing theory on pheromone biosynthesis in Lepidoptera cannot account for some of the more unusual structures. In contrast, the tephritid fruit fly (Diptera) pheromone structures are quite different from those of the moths and even within a single species pheromone molecules that appear to have arisen by different biosynthetic routes may be employed. Insect chemical communication systems are complex and provide a number of new compounds for structural and biosynthetic investigations.
INTRODUCTION
Many contrasts are evident between the pheromonal communication systems of moths and those of fruit flies in the family Tephritidae. The pheromone biosynthetic system of the moths is conservative in that most female moths emit blends of similar compounds to lure conspecific males. Often specificity in these blends is achieved by very slight variations in olefinic bond positions or geometry, by changes in the ratios of components, or by varying the functional group of one or more components. The investigations of moth pheromone biosynthesis conducted thus far indicate that in most cases hexadecanoates and octadecanoates are synthesized de novQ in the pheromone glands from acetyl-CoA and malonyl-CoA, and subsequently olefinic bonds are added by desaturases, chains are shortened by beta-oxidation, and the functional groups are converted to alcohols, acetates, or aldehydes to produce the various blends characteristic of each species (ref. 1,2). However, there are still many gaps in our knowledge of pheromone biosynthesis in moths despite the seeming uniformity throughout the group.
Although only a few pheromones have been identified for the tephritid fruit flies it is already evident that there is much more diversity in these systems than in those of the moths. In most of the tephritid fruit fly systems that have been studied, the pheromone is produced by the males. The chemical structures of the pheromones vary greatly among the species, and also the volatile blend emitted by males of a species may be composed of very different types of compounds. Although little is known about the mechanisms of pheromone biosynthesis in these fruit flies, it is evident that a variety of pathways must be employed.
It is interesting that these two groups of insects have developed quite different chemical systems to accomplish the same goals. These are only two examples of the many different chemical communication systems employed by insects. Investigation of the contrasting systems should provide greater insight into the biochemistry of these vital life processes for insects. In this paper I report recent discoveries in these two groups that illustrate the diversity in the chemistry and biochemistry of insect chemical communication systems.
Heliotbis PHEROMONE BIOSYNTHESIS
A good example of moth pheromone systems is provided by species in the genus HeliothiS. The majority of components in the pheromone blends of species in this genus are aldehydes. The blend emitted by female H. virescens is shown in Table 1 (ref. 3). It is evident that H. virescen8 pheromone gland extracts contain alcohols that are not emitted by the females but that are structural congeners of the emitted aldehydes. One of the key questions in investigations of pheromone biosynthesis has been how some insects produce aldehydic pheromones since often these aldehydes are present in very small quantities or not at all in extracts of glands. Usually aldehydic pheromones can be obtained in significant quantities only by extracting the glands during the time when the insects are signaling. Since the alcohols corresponding to the H. virescens aldehydic pheromone components were found in pheromone gland extracts it seemed likely that these alcohols were biosynthetic precursors of the aldehydes. This was confirmed by application of dimethyl sulfoxide solutions of a variety of primary alcohols to the gland surface. In every case, the alcohol was converted to the aldehyde (ref. 4). The ratio of aldehydes produced was the same as the ratio of alcohols applied to the gland. Subsequent studies showed that the alcohols were converted to aldehydes by a nonspecific primary alcohol oxidase (ref. 4) and that this oxidase resides in the cuticle overlying the pheromone gland (ref. 5). Thus, the aldehydes of the pheromone blend are produced just prior to their release into the atmosphere when the alcohols are excreted through the gland cuticle. The same mechanism was found to occur in H.
and H. subflexa. However, H. subflexa also produces and emits acetates as part of the pheromone blend (ref. 6). Acetates applied to the gland of H.
Subflexa were converted to alcohols which were subsequently oxidized to aldehydes. Application of alcohols to a. subflexa glands resulted in the production of aldehydes but not acetates. Thus acetates apparently precede alcohols and aldehydes in the pheromone biosynthetic pathway in this insect. Interestingly, acetates applied to y. virescen$ glands were also converted to alcohols and then aldehydes. However acetates could not be found in H. virescens gland extracts (ref. 7,8) . This anomaly is not yet clearly understood. We are continuing to investigate the biosynthesis of Heliothis pheromones, and have made progress toward isolating and purifying the primary alcohol oxidase.
Manduca sexta P H E R 0 M 0 N E
Although the M. sexta pheromone blend is also composed of aldehydes, some of which are identical to components of the H. virescens pheromone, there are distinct differences between the two blends. Capillary GC and GC-MS analyses of hexane washes of M. sexta female pheromone glands revealed the presence of a series of 16-and 18-carbon aldehydes including hexadecanal, (Z)-9-hexadecenal, (z)-and (E)-11-hexadecenal, (E,E)-and (E,Z)-10,12-hexadecadienal (I), octadecanal, (Z)-11-octadecenal, (Z)-13-octadecenal, and (z,Z)-l1,13 octadecadienal (ref. 9). Previously (E,Z)-10,12-hexadecadienal (bombykal) (1) was reported to be a sex pheromone of M. sexta (ref. lo), but it is only slightly active in wind tunnel bioassays, and does not elicit the complete repertoire of responses from males. Similarly, a synthetic blend of the above listed compounds formulated in the same ratio that they were found in hexane gland washes was only slightly attractive to male M. sexta in a wind tunnel. Two additional compounds, (E,E,Z)-and (E,E,E)-10,12,14-hexadecatrienal, (2) and (J), respectively, were isolated from the gland washes by reverse phase HPLC and identified by chemical ionization mass spectroscopy and ozonolysis (ref. 9). The identity of these compounds was confirmed by synthesis. The trienes are very unstable and significant losses are incurred when purification of the natural compounds is attempted by micropreparative GC. Both (1) and (2) are required for attraction of M. sexk males. Other components appear to have more subtle roles in the pheromonal communication system. 
M_. s e x t a
Since the M. sex& pheromone gland produces both (Z)-1 1 -hexadecenal and bombykal it is tempting to speculate that it produces the conjugated dienes by a mechanism similar to that reported for Bombvx mori (ref. 11). However, the conjugated trienes may be more difficult to account for. Similarly, biosynthesis of the aldehydes by a mechanism similar to that in Heliothis is possible since preliminary experiments have shown that primary alcohols applied to the gland are converted into aldehydes. Investigation of this biosynthetic pathway is in progress.
Insect chemical communication systems

FRUIT FLY PHEROMONES
The diversity in tephritid fruit fly sex pheromones is illustrated by comparing the pheromones produced by males of three species. Chemically, the simplest pheromone is that emitted by papaya fruit fly (PFF) males.
It consists of a single compound, 2-methyl-6-vinylpyrazine (4) (ref. 12) and is attractive to females in a laboratory wind tunnel and in the field. Synthetic (4) is very effective as a lure for femaie PFF when it is employed in the field in spherical traps of about the same size as a mature papaya fruit (ref. that the ratio of (9) in the blend decreases and that of (u) and ( 1 1 ) increases as the day progresses (ref.
16). This suggests that suspensolide may be a biosynthetic precursor of the anastrephins. Suspensolide (9) is partially converted to a mixture of (u) and (u) by GC on packed columns. It is difficult to develop a single hypothetical biosynthetic scheme that will account for all the components of the volatiles from CFF males. It appears that CFF males are producing three structurally distinct groups of compounds. It is possible that not all of the components of CFF male volatiles are pheromones. The role of all the components in pheromonally mediated behavior in this species awaits elucidation.
Previously several compounds were identified in volatiles from male Mediterranean fruit flies (MFF) (ref. 17).
We recently confirmed the presence of the three previously reported major components, geranyl acetate, (Q 
MFF
We know very little about the pheromone systems or biosynthetic mechanisms for pheromone production of tephritid fruit flies. The worldwide importance of these pests gives impetus to the need to investigate their chemical communication systems in more detail. Additionally, the fact that the pheromones attract the female flies should make them valuable as lures for traps around ports of entry in countries that are free of flies. Capture of introduced females before they lay their eggs, would be much more effective than capturing their progeny. For the same reason, lures for females should be much more effective than male attractants in programs aimed at population reduction by mass trapping. Investigation of pheromone biosynthesis enables us to more completely and accurately define the pheromone communication system of an insect. Hopefully, a thorough knowledge of the pheromone biosynthetic mechanisms may allow us to devise new, more effective methods for pest control in the future.
